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ABSTRACT: The flyby technique is an effective
means of reducing thrust and time of interplanet- '
ary missions. The flyby-behavior for planet/
moon-systems is investigated in view of flights
to planets. The velocity gains and the condi-
tions for capture and escape are calculated.
The maximum capture velocity of a Jupditer/
Ganymede-flyby is 4.5 km/sec. Probably, the _ |
irregular moons of Jupiter, Saturn and Neptune
have been captured by a flyby-process.
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THE CAPTURE AND ESCAPE BEHAVIOR OF PLANET"
MOON SYSTEMS

0. Bschorr and A. Leibo]d
1. INTRODUCTION

If a spacecraft traverses a gravitational field, it experiences /9%
a deflection. Since the gravitational potential is conservatlve,
the relative velocity of the spacecraft to the deflecting body is
equal before and after passing through the gravitational field. If
the deflecting body has a velocity, e.g. the circumferential velo-
city of a planet around the Sun, the absolute velocity of the space-
craft results from vector addition of relative and circumferential
velocity. Since the vector of relative velocity was'rotated, the
absolute velocity, referred to the Sun, is generally different be-
fore and after the flyby. As is known, very effective trajectory
influences can be attained by means of such flyby maneuvers. The
flyby maneuvers of planets have been investigated by Von Crocco 2
[1], Hollister [2]-[4], Sohn [5], Niehoff [6], Deerwester [7],
Harrison, McLellau [8] and other authors. For example, Hollister
has demonstrated that in Mars missions, thrust and flight time could
be saved by means of a Venus flyby,

The task of this study is to investigate the effectiveness
of flyby maneuvers on the Moons of planets. Such an application
appears interesting in the case of Jupiter missions, since it is
possible to bring a measuring probe into an orbit around Jupiter .
without deceleration of the vehicle.

The disadvantage of the flyby technique, namely that the range
of possible trajectories and 1lift-off times is limited since, in
addition, a suitable position of the _auxiliary planet must be
awaited, is not so decisive in the case of maneuvers on moons:
since the periods of moons are smaller by the factor 10-100 than

in the case of planets; correspondingly, slighter waiting times N
result. . '
Moreover, the origin of moon systems is to be discussed with /10

the means of the flyby technique: in continuation of the turbulence
theory of v. Weizsdcker [9,10], the regular moons were, according

to Kuiper [11], formed from the protoplanetary disc simultaneously
with the planets. These moons therefore lie in the equatorial .
~plane with good accuracy. Aside from that, these moons--just as

the planets--travel clockwise. Furthermore, circular moon orbits
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are caused by the mechanism of origination. Friction as opposed to
still uncondensed matter and the mass loss function are so-called

"resisting means'", through which even a previously eccentric orbit
becomes circular.

The origin of the Galilean Jupiter moon, i.e. Io, Europa,
Ganymede and Callisto, can be explained without contradjction by
means of this theory. On the other hand, the remaining moons
have very eccentric orbits which are inclined to the Jupiter plane
and are, in part, reversed. \

Since in the following calculations the capture behavior,
e.g. of the Jupiter/Ganymede system, proves to be extraordinarily
effective so that bodies with a relative velocity of 4.5 km/sec
with regard to Jupiter "can still be captured, the capture theory
of the irregular moons through a flyby process causes few diffi-
culties; all the more because between the Mars and the Jupiter
orbit is the asteroid ring consisting of a large number (40,000)
of planetoids. It is more difficult to find a mechanism whlch S0
enlarges the orbit of the captured pianet01ds that these are not
catapulted out again by a flyby. - The relatively great orbital .
inclination of these irregular moons also becomes plausible in
this view, since an escape in the case of these is very much more
improbable. ' v

2.- PRINCIPLES
2.1. Hypotheses

A flyby maneuver preéents a three-body problem. This 1is essen- /11
tially not solvable even for the case that the mass is negligibly
small. The following assumptions are made: .
(a) The "dimensions of the gravitational- field" of the deflect-
ing moons are small with respect to the distance to the planet.
(b) The "dimensions of the gravitational field" ‘of the planets
are negligibly small with respect to the distance to the Sun.
P \
(c¢) The distance from planet to moon i's to be negligibly small
with respect to the Sun to planet distance. '

(d) The orbits of the moons are to be circular orbits.- This
requisite is fulfilled for the regular moons. The eccentric moons
are, at any rate, excluded as a result of their slight extrinsic
mass from any use as deflecting bodies. -

(e) The orbits of the planets are assumed to be circular orbits.
This assumption is given in the case of the planets which possess
moons.

(f) Orbit of moon and orbit of planet are assumed in numerical

-~
~



evaluation to be coplanar.

]

2.2. Orbital Geometry (Fig. 1; Fig. 2)

Probe S moves in an orbit around the Sun. The probe has: the
velocity ¢ and the location vector ? upon entry into the gravita-
tional field of a planet P. Hypothetically, the "dimensions of
the gravitational field" are smal]l with respect to the distance to
the Sun, so that the planetary distance P, can be set for the loca-
tion vector. ¢ and rp refer to the Sun.

/12

\

The planet P moves with velocity 4. around the Sun. The rela-

tive velocity Vm of the probe S becomes, with respect to the planet
P, '
) Yo = C - U, .
g (1)

With the velocity v and the deviation E, the probe enters the
planetary gravitational fields and déscrlbes a hyperbolic orbit’
around the planet. This is defined by vCD and & (Fig. 1). s

If the probe enters into the gravitational field of the planet-
ary moon M, then the probe will have the velocity ¥ and the location
vector ?. Hypothetically, the '"dimensions of the gravitational
field" of the Moon are small with respect to the dlstance to the
planet so that the dlstance of the moon can be set as %y for the
location vector. Vv and rM refer to the planet P.

A stretching versor 6 can be defined, which transforms v

o ,
into ¥.

(2)

VvV = ¥V, 8.,

® is defined (appendix) by the stretching ratio

L :V HM I ‘ 4 o0
Voo 7.*2( Yoo ) g . (3) ;

.

and the rotation vector t

*=._-e._':m—fl,/2 ) .
: 1€ x Vol 9° , () !

The circumferential velocity of the moon M around the planet /13
will be uM The relative velocity wa) of the probe is, with re-
spect to the moon (Fig. 2),



Woo = V = Uy - - L (5)
The probe_ enters into the gravi%ational field of the moon with
velocity wy and the deviation and describes relative 'to the
moon, a hyperbolic orbit. The probe velocity will be W&) after
the flyby of the moon is gravitational field. Since the gravita-
tional potentlal is conservative, the magnltudes of Yo and w!

©®
are equal. Wy Was rotated around the angle & in w&>; ,
ﬁg:: ﬁ&hﬂ . B ‘ (6)

One obtains the versor *Q from the rotation vector d (appendix)
!

Yo Trw S
1:——=— tg 972 . A
, ol g (7)

4 ’

The cut-off angle 8§ is, as is known, -

sin 972 =+ —L __ |
14 Jo Y

rMy

It is more expedient to bring equation (8) into the more general
forms

(8)

sin /2 e , ! - .
w ’
*yp(g2its) (9)
The parameter
p2 = LMy
R u? : (10)

M

- -

is a value specific for a moon functioning .as a deflecting body.

One can interpret v as the ratio of cincumferential velocity to

orbital velocity. These values for the various moons are tabulated --
in Table 1.

The probe ve1001ty v' referred to the planet is, after leaving /14

the moon's gravitational field,

l

-

! - Wé’ UM . (ll)

With Equations (1), (2) and (6):



[(&-T)o-GJ-a+d, . . .

Under the influence of the planet's gravitational field, the probe
descrlbes an orbit which is a331gned by the initial condltlons

V' and rM. If the veloc1ty is smaller than the escape velocity,
then the probe will remain as an artificial moon in the graV1ta-
tional range of the planet

The probe leaves the planet in the case of hyperbollc and
parabolic orbits and goes into .orbit around the Sun.

If one defines the stretchlng versor 6' analogously to (2),
which transforms ¥'- into v&) (= velocity of the probe after leaving
the planet's grav1tatlonal field), then

!";3 v.n.,el . (13')

a

The velocity Z', with which the probe enters into the polar gravita-
tional field, is

(1u4)

Yith equations (12), (13) and (14) one obtains the probe velocity
g' after the flyby maneuver as a function of the initial velocity
c

& {[(Z-500-5]0+ 0] 653, . (15)

>
The location veg¢tor of the probe referred to the Sun, is Jrp- The

probe orbit is defined by the initial.conditions c' and ry

3. CAPTURE BEHAVIOR OF PLANET/MOON SYSTEMS
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Especially interesting are those particular approach trajec-
tories which can be captured by planet/moon systems. By means of
this, a measuring probe can be brought without deceleratlon into
an orbit around the planet in question. .

The probe velOC1ty v' after leaving the moon's gravitational
field is, after (12)

v =[(,E-G;)'@-q’]-ﬂ+i,‘~. (12) .

-



Here, the probe is at distance ry from the planet. If v' is smaller

than the escape velocity Vescape . '

Vescape= V ii_:'—M’- = UMV? , ‘ “(16)

-~

then the probe remains as an artificial moon in the gravitational

range of the approached planet. The capture condition is given
by (12) and (16): :

u,JZ 2[[(G-T)-0-5]a+g,l .

13

(17)
With restriction to the plane case, evaluation 6f (17) yields
2 25 (Tn)?l 2/ M) cos '-o’)-l |
5EV2= Yo ¥. ﬂﬁ. ‘-
(u,,,)_ (u 2(UM)cos (B'-d)-1 .
Set here is . /16
; !
sin d/2 = * »
W2 , 1 ’
R
cosf’ "2—('3:'7% . (19) '

V Tresp. Vpzx is the probe velocity at distance ry from the
planet. The probe velocity U, resp. Uy pax UPOD entry into the
planet's gravitational field is, after the energy relation

v, =\ -2 o R Lo

M .
, - . (20)
- 2 2 )
Yo max = V,m;'2 UM *

Equations (18), (9), (19) and (20) were evaluated in order- to obtain
the highest possible relative velocity Voo max® at which a capture
of the probe by a planet/moon flyby is just possible. It is shown

" that the maximum for

‘ro = R

is present when the apical distance rj assumes, in the flyby of the
. - . *

6



"moon (compare Fig. 2), the smallest possible value.

The results of the optimization calculation are compiled in
Table 3 for the various moon systems. The numerically greatest
capture velocity results in the Jupiter/Ganymede system with %.5
km/sec. Probes with a smaller relative velocity with réspect to
Jupiter can be captured by Jupiter as artificial moons in this way
without deceleration. .

.
- '

The ve1001ty conditions in the optimal capture process are
presented in Figure 3.

After Equation (3)

Cmax = Yomoxt* Up , . (3")

the velocity vector Zmax and with it the data of the captured paths
are given with known Doomax: ., Since the moon rotates areund the,
planet and thus assumes all angles from 0°-360° with respect to'
up, Vq:max can also have all directions w. ’

The parameters p and & of the capturable trajectories are de-
fined by the conditions (p and e referred to a sun-based coordinate
system): :

2 - (}-5?;05 w)? | (21)
& = —m V(I-—V*: c;ws w) +3cos’ w-23: cos’ w ' ! (22) |
02 %S Voma *_ ‘ (23)
0°% w = 360°. O )

These fields are presented for the Earth's Moon in Figure 4,
for the moons of Jupiter in Figure 5 and for Saturn's moon Titan
in Figure 6. The other moons were not considered because ef their
low, and, in part, unknown intrinsic mass.

It is shown that the range of the trajectories capturable by
a planet/moon flyby maneuver is relatively large. Especially the
Jupiter/Jupiter-moon systems cover a range which extends far into
the planetoid ring. The probabilities that a planetoid body will
be coincidentally captured in a flyby procedure at one of the

RN

~

/17



Galilean moons cannot be excluded. While the largest Galilean moons
originated simultaneously with Jupiter from the protoplanetary mass,
the remaining Jupiter moons were very probably captured in this way.
Since, conversely, a body can also be catapulted out agaln by a flyby
maneuver, the only moons capable of remaining Jupiter's field are

those whose trajectories fulfill special conditions of stability.

A similar stabilization effect is imaginable in the Jupiter/Jupiter-
moon system, analogous to the known commensurability gaps and commen-
surability frequencies in the planetoid system. This presumption /18
is supported by the fact that the clockwise moons VI, VII and X T
present approximately the same period (250-260 davs), and the coun-
ter-clockwise moons VIII, IX, T and ¥IT7 likewi--~ .1 npproximately
equal period (625-760 days).

4., MULTI-STAGE CAPTURE'MANEUVERS IN THE EARTH/MOON SYSTEM

Success can be met by means of a one time flyby maneuver in the
Earth/Moon system in capturing bodies which possess a velocity
Vo max = 1.85 km/sec with respect to the Earth's orbit [12]. If
the body is faster than the critical’ velocity of 1.85 km/sec, it
loses velocity through a flyby maneuver; it leaves, however, the
Earth's range of attraction and again goes into orbit around the
Sun. This path and the Earth's orbit have common points of inter-
section; and it is possible to perform a second flyby maneuver of
the moon during coincidence.

This procedure can be repeated as often as desired until the »
velocity of the bodies falls below the critical capture velocity
and it can be captured. .
The. calculation of multi-stage flyby maneuvers is connected
with the basic equation (15). . i

={[{E-Up)'e'UMJla*UM}'G*Up . (15)
The probe has the velocity ¢' after the f4yby maneuver, referred N

to the Sun, and orbits the Sun as an artificial planet. In the
course of this, the magnitude and direction of the probe velocity

is altered in accordance with the laws of Kepler. 1If the probe <
trajectory again intersegts the Earth's orbit, ‘then the probe has
the velocity e¢!. Thus, c¢' is the new entry velocity in the case
of a repeated flyby maneuver, and, analogous to equation (15), the
exit velocity e" results after the second flyby: E
- - . e , - 0 -
= ;[(c "UP)‘G.- UM]'ﬂ" Lh}'a "UP . (25) -




~
)
w

Correspondingly, for the n-th flyby maneuver:

ol [[(Cl"'”(l) Gl LAJd"yUM} oM, . *u, . ‘ '(26)

In order here to attain maximal deceleration, the versors o and
@ must be optimized in such a way that

+

clr-n _ ol Maximum . 1 (27)

With limitation to the cdplanar ca: . 'Y oy toasication calculation
for an n-stage flyby maneuver yields the dcceleration velocities
indicated in Table -2. "The capture boundaries are presented in

Figure 4. It is shown that multiple repetition’of a moon flyby pro-
cedure is not effective. Aside from that, such maneuvers are very
time-consuming, since, in each case according to the commensurability
relation of the periocds of the Earth and of the probe, an encounter
takes place again only after several orbits. '

5. ESCAPE BEHAVIOR OF THE PLANET/MOON SYSTEM

It is possible in a reversal of the capture maneuver to cata-
~pult a probe out of a planet's range of attraction by means of a

moon flyby. Such a case of application exists when, for example,

a Jupiter probe is to be brought back again to or into the vicinity M
of the Earth after termination of the measurement mission. A

direct transcription of the test data requires extremely great
transmission powers because of the great distance to Jupiter. '

The escape process is likewise described by the general flyby
equation (15). The solar orbits attainable by means of an escape
process correspond to those which can be captured by a capture
maneuver by the planet/moon system.  These trajectories are pre-
sented for the various moon systems in Figures 4-6. .It is also
interesting to determine those particular orbits around a planet /20

which can be catapulted out by means of a-flyby maneuver of a . N
planetary moon. The following derivation results for this case:

A probe path around the planet w1ll be given by the ve1001ty o
v and the rotation vector PM. ¥ and rM will reFer to the planet.
The circumferential velocity of the moon will be U The Erobe
will thus enter into the moon's gravitational fiel with the velo-
01ty Woo

o

ww'_-V-UMa (5)

-+ . » . L +
Woo 18 rotated in the moon's gravitational field into w{,



Vo = W L b és)

3 + A
The velocity v', referred to the planet, after the moon flyby; is

v = w.0'+ UM . - (ll)

}

Equations (5), (6) and (ll) yield and end veloc1ty V' as a fynction
of the initial velocity ¥.

Vo= (v u) Qe Uy . (28)

-

. .
If v' is larger than the escape velocity vescapé

Vescape® UMy2 , (16)

then the probe leaves the range of attraction of the planet. The
escape condition is

UMESI(V-@)-Q+LLI—. (29)

This relation was evaluated for the various planet/moon systems

for the coplanar case. Those particular moon paths which can be
catapulted out of the range of attraction of the planet in question
by a flyby process are presented in Figures 7-13. It is shown;

for example, that in the Jupiter systems only very nearly parabolic
trajectories cap escape by means of a flyby process, in spite of
the great intrinsic masses of the Galileo moons. The criterion

for the escape bahavior of a planet/moon system is the v-value
(Table 1).

- Y

The masses of the individual moons, are known only very im-
precisely. That is a result of the fact that they can only be
calculated indirectly from trajectory disturbances.

In the case of a moon flyby by a measuring probe, the trajec-
tory disturbance is very much larger, and .thus the moon mass can
be determined more precisely. The most precise method is to bring
the probe into an orbit around the moon.

6. SUMMARY

As is known, a spacecraft can be brought without thrust from
a low-energy to a high-energy flight trajectory by means of a flyby

.. P
~
~
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maneuver, and conversely. A series of numerical investigations
have been published for flybys of planets [1]-[8]. A.multi-stage
flyby mission of Jupiter, Saturn, Uranus and Neptune has been
calculated by Flandro [3]. o

The effectiveness of flyby maneuvers of planetary hoons is
investigated in the present study.

-

In particular, the capture behavior of a planet/moon éystem
is ascertained. Such a technique appears interesting for Juplter,
missions, to bring a measuring probe into orbit around Jupiter
without deceleration on the part of the spacecraft. The maximal

capture velocity of the Juplter/Ganymede system amounts to 4.5
km/sec.

Also, multi-stage flyby maneuvers are inve&tigated for the
Earth/Moon system. 'The maximal capture velocity is 1.85% km/sec
with a single stage maneuverj with a two-stage, it is 2.5 km/sec.

With stage number becoming larger, the yield attainable per stage
becomes slighter.

It can be made probable that the so-called irregular Jupiter,
Saturn and Neptune moons were captured by a flyby process of a
regular planetary moon.

In a reversal of the capture behavior, the catapult behavior
of planet/planetary moon systems is indicated.

The moon flyby technique offers the possibility of determlnlng
moon masses with greater exactness.
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APPENDIX

Formulas for the establishment of the versor from axis of
rotation and angle of rotation.

The dlrectlon of the axis of rotation will be given by the
unit vector n:

.
-

n = cosdi + cosB j + cosy

(cos o, cos B and cos y are the cosiness of direction)

The angle of rotation around the axis n will be §. From that
results the rotation vector
R ’ - '
d = a i + b J + ¢ k.

Set here is:

a = cosd tg d/2
= cos B tg d/2
.= cosp tg d/2 .
Thus, the versor f results after Lagally [19] at- .
X N
) {1+a2—b2 - ¢ 2(ab+¢c) 2(aec - b)
N=—5—a——5—2 (ab-0c) 1-a2 + b°-c® 2(bc+a)l.
1+a”+b"+c 5 2 o
2 (ac+ b) 2(bec-a) 1-a“=-b"+c 1~

Reduced for the plane case with rotation around. the k-axis:

cosd sind 0
n= | - sind cosd 0 | .
0 0 1

13
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TABLE 3. MAXIMAL CAPTURE VELOCITIES IN PLANET/MOON FLYBY.

MaxiMAL CAPTURE VEL@CITY
Planet Moon '
. Voo max L KM/SEC ]

EARTH ‘MOC;N 185 KM/sEc
Jupiter Io 1 , 413 »

Europa 344 u

Gdnymede 449 »

Callisto 323 #
Saturn Titan 3,76 o
NEPTUNE Triton T4.02 xw/sec
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Fig.
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Trajectory Relations in a Moon-Based Coordinate System.
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Fig. 3. Velocity Relations in Capture Process.
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Fig. 4. Capture Behavior of the Earth/Mo\o\n System.
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5. Capture Behavior of the Jupiter/Jupiter Moon System.
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Escape Behavior of the Earth/Moon System.
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Fig. 8. ©Escape Behavior of the Jupiter/Io System.
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Fig. 9. Escape Behavior of the Jupiter/Furopa Systems.
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Fig. 10. Escape Behavior of the Jupiter/Ganymede System.
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Fig. 11. Escape Behavior of the Jupiter-Callisto System
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Fig. 13. Escape Behavior of the Neptune/Triton System

30

08 5= 07 107
10 === 7 AV . |
né Q<z/ // // /, / !
| BRIk
NI
‘ X
05 \4
|
| Probe, $1ockwl1'se_ __“_&/;,[.A;E;]; '
0'070 ~4 l 70-3 10 N



=
>
t

~
I

>

¢

S
'3

~
LU

)

gy
v

MOTJ 8uTqanl-ssadooag AqQATJI :48oTeuy

.

"onH<MmHJ<¢J4<mQ. .
+NOILVADI 3NIGdN| d437Nn7 \

31

WL T Y At ebing N ViR R

MOT4d 3INIQYN]

SRR B BT SRS BN LN NS TE L P JE AT N S Sk - 4 MAS SE T R RSN oL 2 S RARTY S TR

$53004d A9AT

tOLITn T CLNTLELY

R



‘ws1s£g UOOl/32uURTg Y3

-

T AR S AT D W ARSI 20 9 £ i MR

ut aoansuel AqATI *GT

R +o-fheu - m.@-m%

e SR LS A e e > o o NPT TP

FEERAS AP E XA S8 O ”MuﬂJ

NOILYNDI D1svVg

TAT0 4 TM=yum 41=0-%
9 =h+% 1=%n+°M  ®m =Wp - @4

| esdy3 ] o
| Vvi0g¥3day | Y109¥3dAY | -
i s e

V7049d3dAH

| ’
]9UD)d ==

- Nng,

—

AY0LD3rvyL 390¥d .
43INID TYNOILVLIAVYY

T

ung ayj
.30 platLy

PLaL}

!

—

/
_mEprmpw>me\\\\\\\
WWWWWWWWWWAN“\pmcm_Q 3Y3 40

!
S QRELENEE STCVIRES o 2 SR IEINCY ) = !
7Y = T e S T T R L TR T I S U R i A e e Lol

PP U il
— -\:J.w.\‘wl.llv’l

[euoL3e3Laedy

IABARMRAN

32



